It is often assumed that when specific activities of various proteins, such as enzymes or viruses, are destroyed by ultraviolet radiation, those irradiated particles or molecules that still remain active are unchanged. The change that causes the loss of a specific activity, therefore, is often referred to as 'primary' or 'initial', as distinct from any further changes such as denaturation, alteration in absorption spectrum, oxidation, etc. (see, for example, Finkelstein & McLaren, 1949; McLaren, 1951).
It is often assumed that when specific activities of various proteins, such as enzymes or viruses, are destroyed by ultraviolet radiation, those irradiated particles or molecules that still remain active are unchanged. The change that causes the loss of a specific activity, therefore, is often referred to as 'primary' or 'initial', as distinct from any further changes such as denaturation, alteration in absorption spectrum, oxidation, etc. (see, for example, Finkelstein & McLaren, 1949; McLaren, 1951) .
Results obtained with ultraviolet-irradiated chymotrypsin show that an enzyme molecule can be changed without immediately losing its specific activity. The change shows as a decreased stability of the molecule when exposed to a temperature.of 370 at pH 7 and can be measured as an increase in the rate at which proteolytic activity is lost. Thus, two stages in the effect of the radiation can be clearly distinguished, one decreasing stability and the other destroying enzymic activity. A similar phenomenon has been described with a bacteriophage (Kleczkowski & Kleczkowski, 1953) .
Decreased stability of irradiated proteins can also find expression in increased sensitivity to the denaturing effect of elevated temperature. This was studied with tobacco mosaic virus, which Oster & McLaren (1950) found to show enhanced sensitivity to heat denaturation after it has been inactivated by ultraviolet radiation. The relationship between the loss of activity and the increase in the heat sensitivity was investigated in the present work.
MATERIALS AND METHODS
Crystallized chymotrypsin (CTR). This was prepared from fresh beef pancreas as described by Northrop, Kunitz & Herriot (1948) . It was crystallized five times as chymotrypsinogen, converted into chymotrypsin and crystallized twice. The final crystals were dissolved, dialysed for 48 hr. in a cellophan sac against frequent changes of distilled water and dried. Weighed quantities of the dry material were dissolved in 0-067 m phosphate buffer at pH 7 for each experiment.
Tobacco mosaic virus (TM V). This was prepared from sap of infected tobacco plants as described by Bawden & Pirie (1943) . The final preparation was dialysed against distilled water, placed in a separation funnel, and the liquid crystalline 'bottom' layer was separated and used.
Source of ultraviolet (uv) radiation. A Vitreosil lowpressure mercury discharge lamp was used, made by the Thermal Syndicate, Ltd.; this was fitted with a chromiumplated cylindrical reflector. According to the makers' specifications, about 99 % of the uv-radiation was of a wavelength 2537L. The intensity of radiation at various distances from the lamp was measured with a thermopile.
CTR was irradiated as a 0-2% solution and TMV as a 0-5 % or a 0-75 % solution, both in 0-067 M phosphate buffer at pH 7. Irradiations were done at room temperature. The solutions were placed in Petri dishes as layers 0-14 cm. deep and were rocked continuously during irradiation. This is assumed to have ensured that all molecules or particles were equally exposed to the radiation. The dishes were 10 or 20 cm. from the lamp, at which distance the intensities of radiation were 3030 and 870,uw/sq.cm., respectively. Evaporation during irradiation was made up by adding water.
Absorption of the radiation of A = 2537 A by the solutions of CTR and TMV was measured with a quartz spectrophometer.
Relative activities of irradiated solution8 of CTR. Irradiated solutions of CTR were suitably diluted in 0-067M phosphate buffer at pH 7. One ml. of each diluted solution was mixed with 1-5 ml. of a 1% solution of casein at pH 7, the mixtures were incubated for 4 hr. at 370 and the aimounts of casein rendered unprecipitable by 2 % trichloroacetic acid were estimated. The relative activities were obtained graphically by reference to a curve obtained by plotting the amounts ofcasein rendered unprecipitable by trichloroacetic acid after incubation with non-irradiated control solutions of CTR, against its concentrations, which ranged from 0-0005 to 0-002 %.
Relative activities of irradiated solutions of TMV. These were also assayed graphically as described by Bawden & Kleczkowski (1953) .
Heat denaturation of TMV. The amounts of TMV denatured by heating in 0-067 M phosphate buffer at pH 7 for various intervals oftime in a water bath at 69°were estimated by determining the quantities of precipitates formed during heating and correcting the results by adding 6 % to allow for the loss of nucleic acid which remained in solution.
RESULTS

Chymotrypsin (CTR)
Ultraviolet-irradiated and control solutions of CTR remained apparently unaltered after a few days' storage at 20 at pH 7. Therefore, the relative activities of the solutions, shown in Table 1 , after 48 hr. incubation at 2°can be taken as approximately the same as they were at the beginning of the incubation. In contrast to the behaviour at 20, incubation at 370 decreased the activities of all the tested solutions, but it decreased the activity of the irradiated solution relatively more than that of the non-irradiated control. The activity of the irradiated solution fell to about 50 % of its initial value, whereas that of the control fell only to 70 %.
It is obvious, therefore, that some CTR which was still active after exposure to uv-radiation was less stable at 370 and at pH 7 than non-irradiated CTR. The difference was not caused by the presence ofany inactivating materials produced by the radiation, because the stability ofnon-irradiated CTR was not affected when it was mixed with an irradiated solution of CTR. This is seen from the fact that the fall in the activity of such a mixture (in which the contribution of the irradiated component was negligible) at 370 was proportional to that of a nonirradiated control solution of CTR. The relative instability of the residual active enzyme in the irradiated solution seems, therefore, to be due to the fact that the molecules were on the average less stable than those in the non-irradiated solution. There are two possible explanations of this. Irradiated molecules of CTR which still remain active might have been altered by the radiation so that they became less stable, or the original preparation might have contained molecules of different stabilities and the radiation might have acted selectively, inactivating the most stable molecules at a higher rate than the least stable ones. Table 2 shows that the course of uv-inactivation of CTR, until the residual activity fell to 4% of the original, followed approximately that of a first-order reaction. This excludes the possibility of a selective effect of the radiation, because it means that molecules still active at any given moment did not differ from each other in the probability of being inactivated during the next time unit. It can be concluded, therefore, that at least a proportion of irradiated molecules that were still active were altered by the radiation. Finkelstein & McLaren (1948) found that uvinactivation of CTR followed the course of a firstorder reaction, at least until the residual activity fell to about 20 % of the original, and showed (Finkelstein & McLaren, 1949) that the quantum yield depends on the pH, being just over 4 x 10-3 at pH 7. The quantum yield (qI) at this pH can be obtained from the value of the constant k of Table 2 , for D= kc/Er, (1) where c is the amount of CTR in moles under each sq.cm. of irradiated area, which was 0-685 x 10-8 (taking the molecular weight of CTR as 41000, as it was taken by Finkelstein & McLaren (1949) ), E is the amount of energy in einsteins falling during each minute on each sq.cm. of surface area of the irradiated solution, which was 3-9 x 10-7 (3030 ,w/sq.cm., the wavelength being 25371), and r is the proportion of incident radiation absorbed by CTR, which was 0-4.
Substituting all these values, the quantum yield 4-5 x 10-3 is obtained, agreeing with the value obtained by Finkelstein & McLaren (1949) . Table 3 shows that uv-irradiation increased the susceptibility of TMV to denaturation by heat, because greater proportions of irradiated preparations were denatured by heating for 30 min. at 690 than of control solutions, and the amount denatured increased with the increased amount of irradiation. All the irradiated solutions remained clear before they were heated.
Tobacco mosaic virus (TMV)
The change in heat susceptibility did not coincide with the loss of infectivity, because the amount of denatured material formed in the irradiated solution, the residual infectivity of which was 0-0125 that ofthe original (i.e. when about 99 % ofthe virus was inactivated), was only slightly greater than that which formed in the non-irradiated solution. Only when irradiation was continued after almost all the virus had been inactivated, was the amount of denatured material increased appreciably, and it then continued to increase as the amount of radiation increased. Evidently a change or changes, which increased the susceptibility of virus particles to heat denaturation, occurred after the particles had been made inactive.
The possibility that the increased heat susceptibility occurred because the surrounding medium contained some materials produced by the radiation, was excluded by the fact that the heat denaturation of non-irradiated TMV was unaffected by mixing the latter with an irradiated solution. The amount of coagulum produced by heating the mixture was exactly equal to the sum ofthe amounts showed that the second possibility is more likely. Lauffer & Price (1940) found that the heat denaturation of TMV follows the course of a first-order reaction. Table 4 shows that the heat denaturation of both an irradiated and a control solution of TMV approximated to such a course, the rate of denaturation of the former being about 2-7 times greater than that of the latter at 690. The preparation was not irradiated to such an extent that it attained the maximum increase in heat susceptibility (compare Table 3 ), so that if single particles had reached their maximum heat susceptibility in a single step, the preparation would have contained a mixture of particles, some with unchanged and some with increased heat susceptibility. That the preparation was not a mixture of components with different rates of heat denaturation is shown by the fact that the course of denaturation approximated to that of a first-order reaction.
The changes in uv-irradiated TMV that increase its susceptibility to heat denaturation are not known, but they seem not to be correlated with any major alteration in antigenic structure nor in the shape nor size of particles. Preparations irradiated as 0-5 % solutions for 2 hr. at 10 cm. from thelamp reacted with TMV antiserum in a manner similar to that of control TMV, giving flagellar-type precipitation and the same dilution end-point. Although electron-micrographs showed no changes in the shape and average length of particles, there were differences in the manner in which the particles were distributed. Whereas in control preparations most particles were separate and distributed at random, electron-micrographs ofirradiated virus made at the same concentration showed particles almost all aggregated side-by-side to form two-dimensional sheets of various sizes. This suggests that linkages may have formed between neighbouring particles, as is known to occur with some long-chain polymers when subjected to high-energy radiation (Charlesby, 1953) . Electron-micrographs of TMV preparations irradiated as 0;5 % solutions for 24 min. at 20 cm.
from the lamp showed that only a very small proportion of particles were aggregated. As about 99 % of the original activity of the preparations was destroyed by the radiation (see Table 3 ), this shows that the change leading to aggregation was not correlated with the loss of activity.
The quantum yield for inactivation of TMV by wv-radiation cannot be obtained as unequivocally as for CTR, because there is no satisfactory method for dealing with the scatter of radiation by the virus particles. Oster & McLaren (1950) computed the proportion of radiation that should be absorbed by the individual constituents of the virus particles and considered that the excess of optical activity was due to scattering. They obtained 4-3 x 10-6 as the quantum yield.
Inactivation of TMV by wv-radiation follows approximately the course of a first-order reaction (Oster & McLaren, 1950; Bawden & Kleczkowski, 1953) . The quantum yield could, therefore, be computed according to equation (1) if all the values to be substituted into it were known. The value of k can be obtained from the result of test no. 2, Table 3 , and equals 0-182 (for 0-0125 = e-24k). E equals 1 1 x 10-8 einsteins. The amount of TMV, c, under each sq.cm. Table 4 . The effect of uv-irradiation on the rate of heat denaturation of tobacco mo8aic virus (A 0-75 % solution of TMV in 0-067M phosphate buffer at pH 7 was irradiated for 1 hr. at a distance of 10 cm. from the lamp and then heated at a temperature of 690.) of irradiated surface can be taken as 1-75 x 10-moles (if the average 'molecular weight' ofthe virus be taken as 4 x 107, as was done by Oster & McLaren) . The value of r cannot be settled satisfactorily. Less than 1 % of the incident radiation was transmitted, so that nearly all the radiation was absorbed or scattered. If it is assumed that not less than half of the radiation was absorbed, the value of r will be between 0-5 and 1, and the value of the quantum yield will then be between 3 x 10-5 and 6 x 10-5. McLaren & Finkelstein (1950) found that the quantum yield for inactivation was higher when a solution of CTR was first irradiated at 3.5, and then warmed for 2 hr. at 360. and tested at 360, than when it was irradiated and tested at 3.5°. They concluded that: 'active intermediates exist at low temperature which are inactivated on warming of the solutions irradiated at low temperature'. Decreased stability of some irradiated molecules of the enzyme that still remained active is the cause of this phenomenon, just as it is of increased rate of inactivation of residual activity of CTR solulions irradiated at 200 and then kept at 370 at pH 7, as found in the present work. McLaren & Finkelstein did not consider the possibility of some materials produced by the radiation in the medium inactivating unchanged enzyme molecules, but this was excluded experimentally in this work, and so there is no reason to suspect it to be the cause of the phenomenon described by them. Bovie (1913) noticed that wv-irradiated egg-white coagulated much more readily on heating than did non-irradiated egg-white, and Stedman & Mendel (1926) observed the same phenomenon with several different proteins of animal and plant origin, although it has also been found that some proteins can, by radiation, be 'desensitized' to heat (Clark, 1925) . Clark (1936) distinguislies three stages leading to the heat coagulation of irradiated egg albumin: (1) denaturation by wv-radiation, (2) a reaction of such denatured molecules with water when subsequently heated; this may be similar to usual heat denaturation but occurs at a lower temperature, and (3) flocculation of molecules that passed through the first two stages. However, in the absence of a rigid definition of the word 'denaturation', it seems merely a matter of convenience to which of the two stages it should be applied. The example of uv-irradiated TMV shows the difficulty in deciding when denaturation occurs. The first detectable alteration, or alterations, caused loss of infectivity, which was followed by a series of alterations each contributing to an increase in the rate of another alteration, or alterations, that occurred on subsequent exposure to heat. In the present paper the alteration occurring during heating is referred to as 'heat denaturation' irrespective of whether the heated preparation was previously irradiated or not.
DISCUSSION
The ability of uv-radiation to decrease the stability of some proteins, particularly of some enzymes, may be responsible for the sensitization to heat of some living organisms by exposure to sublethal doses of the radiation, such as has been observed with Paramecium (Bovie & Klein, 1919; Giese & Crossman, 1946) , bacteria (Curran & Evans, 1938) and yeast (Anderson & Duggar, 1939) . The same phenomenon was also described with X-ray irradiated chick embryos (Strangeways & Fell, 1928) . In contrast to isolated proteins, living organisms can recover from the effect of irradiation if sufficient time is allowed between exposure to the radiation and to heat. SUMMARY 1. When proteins having specific activities, such as enzymes or viruses, are exposed to ultraviolet radiation, the specific activity need not to be lost as a result of the first of a series of alterations. Chymotrypsin moleculles can be altered by the radiation so that their stability at temperatures around 370 at pH 7 is decreased although they are still proteolytically active. The increased rate at which tobacco mosaic virus is denatured on heating after irradiation results from a series of changes following a step which is associated with the loss of specific activity (infectivity).
2. Quantum yields for inactivation of chymotrypsin and tobacco mosaic virus computed from the data obtained in this work agree with those obtained by previous workers.
